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Abstract 
Both short-term and long-term adaptations of cyanobacterial metabolism to light and dark were studied in Nostoc sp. 
Mac. Long-term adaptations were induced by growing cells in the presence of glucose under (a) 30 wE m ~- s- ~ continuous 
white light, (b) under a 14/10 h light/dark cycle, or (c) complete darkness. Short-term regulation of enzyme activities by 
light was then studied in cells rendered osmotically fragile with lysozyme. Cells were briefly illuminated then enzyme 
activities were measured following rapid lysis in a hypotonic assay medium. The following results were obtained. (1) 
Relative to fresh weight, dark-grown cells contained less chlorophyll, much less phycoerythrin, but similar amounts of 
phycocyanin compared to cells grown under either light regime. Relative to chlorophyll, the higher phycocyanin and much 
lower phycoerythrin the dark-grown vs light-grown cells resembles long term changes in pigment content hat occur 
during complementary chromatic adaptation to red vs orange light. (2) Both dark and light/dark grown cells displayed 
generally lowered photosynthetic a tivities compared to light-grown cells. The exception to this was the activity of fructose 
1,6-bisphosphatase, which was higher in dark-grown cells. However, the photosynthetic induction period was markedly 
shorter in the light/dark-grown cells indicating an adaptation to changing illumination during growth. (3) Inhibitor studies 
using methyl viologen show that the fructose 1,6-bisphosphatase is reversibly light-activated in vivo by the cyanobacterial 
thioredoxin system under all growth conditions. Glucose-6-phosphate dehydrogenase activity was detected in cells grown in 
all conditions and this activity was reversibly deactivated by light or by dithiothreitol. In contrast, he protonmotive ATPase 
F0-F~-type ATPase was fully active in both light and dark-adapted cells regardless of the light regime used for growth. (4) It 
is concluded that the Calvin cycle enzymes, their short-term regulatory system, including thioredoxin, glucose-6-phosphate 
dehydrogenase and an F0-F ~ ATPase not under thioredoxin control, are expressed in cells grown in complete darkness. 
Abbreviations: G6PDH, glucose-6-phosphate dehydrogenase (EC 1.1.1.49); PSI, photosystem l; PS2, photosystem 2; OPP, oxidative 
pentose phosphate; Mes, (N-tris[hydroxymethyl]methyl glycine); BSA, bovine serum albumin; Tricine, N-tris(hydroxymethyl)methyl 
glycine; EDTA, ethylenediamine tetra-acetic acid; HEPES, (N[2-hydroxyethyl]piperazine-N'[2-ethanesulfonic acid]); FBPase, fructose 
1,6-bisphosphatase (EC 3.1.3.11 ); ATPase, Fo-F l-type adenosine triphosphatase (EC 3.6.1.34); TCA, trichloracetic acid. 
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Adaptation to heterotrophic growth in this cyanobacterium does not appear to involve synthesis of different enzyme forms 
lacking thioredoxin control sequences. 
Keywords: Complementary chromatic adaptation; Heterotrophic growth; Glucose-6-phosphate dehydrogenase; ATPase, FoF~-: Fructose- 
1,6-bisphosphatase; Phycobilin; Thioredoxin 
1. Introduction 
Like higher plant chloroplasts, cyanobacteria must 
deal with the differing demands of diurnal 
metabolism. By day, carbohydrate is made by the 
reductive pentose phosphate pathway of photosynthe- 
sis but, by night, catabolism of carbohydrate occurs 
mainly by the oxidative pentose phosphate pathway. 
In higher plant chloroplasts, the ferredoxin-thioredo- 
xin system is an important means by which these 
competing pathways are regulated. Thioredoxin, a 
small protein (12000 kDa) contains a vicinal disul- 
phide that is reduced in the light by photosynthetic 
electron transport [1]. Reduced thioredoxin activates 
several enzymes of the photosynthetic Calvin cycle, 
but deactivates G6PDH, the enzyme controlling entry 
of carbohydrate to the oxidative pentose pathway. 
Thus, by day, the Calvin cycle is switched on and the 
oxidative pentose pathway is switched off. At night, 
thioredoxin is largely oxidised and the activity state 
of the two pathways is reversed. 
The isolation and purification of components of a 
ferredoxin-linked thioredoxin system from cyanobac- 
teria [2] suggested a similar control of cyanobacterial 
metabolism. This had earlier been inferred from stud- 
ies of metabolite patterns in whole cells subjected to 
dark/l ight cycles [3]. We recently provided a direct 
demonstration of reversible light-activation/dark- 
deactivation of several Calvin cycle enzymes both in 
Nostoc sp. Mac [4] and Synechocystis PCC 6803 [5], 
presumed to reflect regulation by the thioredoxin 
system. However, we were unable to detect signifi- 
cant G6PDH activity in the light or dark. 
Interestingly the only enzyme which differed in its 
control in cyanobacteria when compared to higher 
plants was the protonmotive ATPase F0-F ~. The 
subunit of the cyanobacterial enzyme had already 
been shown [6,7] to lack a thioredoxin target se- 
quence present in higher plants [8] and the presumed 
lack of l ight/dark regulation was confirmed by direct 
assays [4,5]. However, at least three reports suggest 
that cyanobacterial F~ could be subject to regulation 
by thiols. One is the original observation of light plus 
thiol activation of photosynthetic ATPases which was 
made using Anabaena thylakoids and glutathione as 
reductant [9]. Two others using isolated Fj from 
Spirulina platensis indicate an activating effect of 
incubation with dithiothreitol [10,11]. 
One possibility for these conflicting data is that 
regulation by thioredoxin is flexible, and depends on 
growth conditions. The cells used for our previous 
studies were grown in continuous light [4], and there- 
fore may not need to switch off F0-F ~. One objective 
of this work is to examine whether thioredoxin con- 
trol of Fo-F 1 can be induced by growth under a 
l ight/dark regime. We have also optimised our assay 
methods for G6PDH and now report convincing data 
for light-dependent inactivation of this enzyme in 
vivo. 
A second, more general objective is to examine 
whether key enzymes remain under thioredoxin con- 
trol when cells are grown heterotrophically in com- 
plete darkness. Although thioredoxins are ubiquitous, 
there is no evidence that metabolism in obligate 
heterotrophs can be controlled by the kind of redox 
mechanisms found in photosynthetic organisms. Even 
in higher plants, such thioredoxin-controlled enzymes 
are confined to the chloroplast. Where an equivalent 
non-chloroplastid enzyme exists, it invariably lacks 
the cys-containing thioredoxin target sequence. 
True heterotrophic growth is rare amongst 
cyanobacteria. The reasons for this are unclear, and is 
it not known how successful strains have adapted. 
Failure to transport organic substrates into the cell is 
not a likely limitation [12]. Nostoc sp. Mac is useful 
for such studies because it is capable of true hetero- 
trophic growth. Moreover, we have observed that 
light-grown cultures are brown in coloration, whereas 
cultures grown in complete darkness are blue-green. 
We were therefore certain that long-term adaptation 
to growth in complete darkness involved changes in 
pigment composition. We show here that these condi- 
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tions do not lead to an alteration in the potential for 
short-term control of metabolism by the thioredoxin 
system. 
2. Materials and methods 
2.1. Growth conditions 
Nostoc sp. Mac was grown in BGl l  medium 
supplemented with 5 mM glucose on a rotary shaker 
(140 rpm) at 30°C in three conditions of illumination: 
(1) continuous white light (30 p,E m -2 s ~); (2) 14 h 
white light (30 p,E m -2 s-~) and 10 h total darkness; 
(3) total darkness. Cells were harvested at 6-8 days 
growth from conditions (1) and (2) and 16-18 days 
growth from condition (3) by filtration through a 
Millipore filter (0.45 ~m). For condition (2), cells 
were harvested 1 h before the light period com- 
menced. 
2.2. Lysozyme treatment of cells 
Cells were treated with lysozyme [13] by resus- 
pending in 50 ml 0.5 M sucrose, 10 mM MgC12, 5 
mM sodium/potassium phosphate, 2% BSA, 10 mM 
Mes-KOH (pH 6.9) to which was added 1 mg/ml  
lysozyme. Incubation was carried out in a shaking 
water bath at 34°C for 1 h. The cell suspension was 
then centrifuged at 720 × g for 90 s and the resulting 
colourless supernatant discarded. The fragile 
lysozymed cells were washed once by resuspension, 
centrifugation a d resuspension i  incubation medium 
lacking lysozyme and sodium/potassium phosphate 
but enriched with 0.5% BSA. Control cells under- 
went the same procedure xcept lysozyme was omit- 
ted from the incubation medium. Cells were stored on 
ice in darkness for 90 min prior to use. 
2.3. Enzyme assays 
Phycobiliproteins were quantitatively extracted into 
tricine buffer (pH 8.0) and the individual biliprotein 
content was estimated according to Bennett and Bo- 
gorad [ 14]. 
Oxygen uptake and evolution were determined ata 
cell concentration (lysozyme-treated and control) of 
50-80 ~,g chlorophyll/mt in 0.33 M sorbitol, 2 mM 
EDTA, 1 mM MgCI 2, 1 mM MnC12, 2 mM ascor- 
bate, 10 mM NaHCO 3, 0.5 mM K2HPO 4, catalase 
(750 U/ml),  50 mM HEPES-KOH, pH 7.6 [15] in an 
oxygen electrode (Rank Bros., Botisham, Kent). The 
temperature was maintained at 22°C. Net oxygen 
uptake was measured in the dark and net oxygen 
evolution was measured by illumination with red 
light (600 wE m -2 s -~) obtained by filtering the 
output of a 300 w quartz-halogen lamp through a 
coming 620 nm cut-off filter. 
For enzyme assays dark-adapted intact lysozyme- 
treated cells were diluted into an isotonic activation 
medium containing 0.33 M sorbitol, 5 mM MgC12, 
catalase (750 U/ml),  30 mM Tricine-KOH, pH 8.0 
to a chlorophyll concentration of 60-100 p~g/ml. 
Activators and inhibitors were added as indicated. 
Following 5 rain incubation in the dark, a sample 
(50-100 pA) was withdrawn for assay of dark-adapted 
enzyme activity and the remaining suspension was 
illuminated in the oxygen electrode 22°C. Where 
indicated the light was extinguished. Further samples 
were withdrawn for enzyme assay at time points 
indicated and also for chlorophyll determinations. 
Enzyme activities of ATPase and FBPase were 
assayed using the release of phosphate from their 
respective substrates [4]. Samples (100 ILl) with- 
drawn from the activation media were introduced into 
0.9 ml of hypotonic assay medium at 22°C. The assay 
medium for the measurement of ATPase activity in 
lysozyme-treated cells 2 mM ATP, 5 mM MgC12, 30 
mM Tricine-KOH (pH 8.0), and the reaction was 
allowed to proceed for 5 min in the dark. For the 
measurement of FBPase the medium contained 1mM 
fructose 1,6-bisphosphate in place of ATP and the 
assay time was 10 rain. 
Chlorophyll concentration was measured for each 
dilution of cell suspension i to the activation medium 
by taking a further 100 ~1 sample, diluting into 0.9 
ml basal assay medium, centrifuging and resuspend- 
ing the pellet in 100% methanol. After 10 min incu- 
bation in the dark the solution was centrifuged and 
the chlorophyll determined according to Ref. [16]. All 
phosphatase assays were terminated by the addition 
of 0.2 ml 20% trichloroacetic a id (TCA) and activity 
determined from the release of inorganic phosphate 
as described by Mills [17] as a variation of the 
Fiske-Subbarow technique [ 18]. 
Glucose 6-phosphate dehydrogenase activity was 
measured by following NADPH absorbance at 340 
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mm in a Cecil CE545 split beam spectrophotometer. 
Samples from the activation medium were lysed in a 
hypotonic medium [5 mM MgC1 z, 30 mM tricine- 
KOH (pH 8.0); 50 mM HEPES-KOH, (pH 7.5 and 
7.0); 20 mM MES-KOH, (pH 6.5)] and centrifuged 
for 2 min in a microfuge to remove cell debris and 
membranes. 0 5 mM NADP was added and the reac- 
tion started with G-6-P. 
Table 1 
The ratio of phycobiliprotein/chlorophyll in cells grown under 
conditions of differing illumination 
Pigment Ratio phycobiliprotein/chlorophyll 
(mg protein/mg chlorophyll) 
Light- Light/dark Dark- 
grown grown grown 
Phycoerythrin 3.0 2.2 0.4 
Phycocyanin 2.5 1.7 3.5 
Allophycocyanin 1.9 1.5 2.0 
3. Results 
3.1. Composition of the light-harvesting antennae 
Fig. 1 shows the light-harvesting pigment compo- 
sition of Nostoc sp. Mac grown under three light 
regimes. Relative to cells grown in continuous light, 
there is a 25% reduction in total pigment in the 
light/dark-grown culture and a 50% reduction in the 
dark-grown culture. A one-way analysis of variance 
(ANOVA) was carried out and indicated a significant 
difference between the means for chlorophyll (F  = 
15.23; P < 0.01). Tukey's pairwise comparison indi- 
cated a significant decrease in the chlorophyll content 
of the cells grown in total darkness compared to the 
other two conditions. 
Phycoerythrin content was reduced when Nostoc 
sp. Mac was grown in 14 h light/10 h dark and very 
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Fig. I. Composition of the light-harvesting pigments of Nostoc 
sp. Mac extracted from cells grown in complete darkness; 14 h 
light (30 IxE m -2 s i)/10 h darkness; constant illumination (30 
IxE m-2 s- ~). Chlorophyll (chl) was extracted into methanol and 
the phycobiliproteins (pe, phycoerythrin; pc, phycocyanin; apc, 
allophycocyanin) were extracted into a basal medium (30 mM 
Tricine, pH 8.0) after treatment of the cells with lysozyme. 
Where error bars are shown, the data are from 6 determinations. 
much reduced in the dark-grown culture. There are 
significant differences in the phycocyanin content of 
the three cultures as indicated by the one-way 
ANOVA (F = 23.03; P, 0.01) and the Tukey's pair- 
wise comparison. The highest content was found in 
the continuously illuminated culture and the least in 
the alternating illumination culture. Allophycocyanin 
was significantly reduced in both the alternating light 
conditions and the dark condition when compared to 
the continuously illuminated condition as indicated 
by the one-way ANOVA (F= 39.31; P, 0.01) and 
Tukey' s. 
When the phycobiliprotein content was expressed 
per mg chlorophyll, a major difference between dark 
and light grown cells is evident (Table 1). It is clear 
that complete darkness induces an increase in phyco- 
cyanin content but a virtual elimination of phyco- 
erythrin. Allophycocyanin content is relatively unaf- 
fected by growth conditions when expressed relative 
to chlorophyll content. 
3.2. Oxygen evolution curves 
Fig. 2a shows a comparison of the CO2-dependent 
oxygen evolution curves for Nostoc sp. Mac grown 
in three different light regimes. When expressed on 
the basis of chlorophyll content, the final rate of 0 2 
evolution was higher in light-grown cells compared 
to light/dark or dark-grown cells. All cells show the 
characteristic lag (induction period) before attaining a
steady rate of photosynthetic oxygen evolution. How- 
ever, the lag was significantly shorter in the 
light/dark-grown culture compared to the other two 
conditions. All cultures take up a significant amount 
of O 2 when darkened and the response is immediate 
(results not shown). 
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Fig. 2. CO~-dependent 02 evolution curves for Nostoc sp. Mac. 
(a) grown in (O) constant illumination (30 tiE m -~ s ~); (A) 
14 h light (30 IxE m -z s-~)/10 h darkness; (~) complete 
darkness. (©) CO2-dependent 02 evolution for lysozyme-treated 
cells of Nostoc grown in full illumination. (b) The effect of light 
intensity on the rates of CO2-dependent O. evolution in cells of 
Nostoc grown in complete darkness. Rates were measured over a 
period of 5 rain. Where error bars are shown, the data are from 6 
determinations. 
Fig. 2b shows  that the lower  levels o f  0 2 evo lut ion 
in the dark-grown culture are not due to photoinhibi -  
t ion at the light intensity used for i l luminat ion in the 
oxygen electrode. Photoinhib i t ion is the loss o f  pho- 
tosynthet ic activity result ing f rom exposure to more 
than saturating light levels.  Fig. 2b shows  that satura- 
t ion has not been achieved.  
3.3. Characterisation of dark- and light-stimulated 
ATPase and FBPase actit,itv 
We previously showed that cells grown in continu- 
ous light, treated with lysozyme then dark-adapted 
for 90 min, displayed a total ATPase activity of 120 
Ixmol ATP hydro lysed/(mg chl.h), of which about 
half could be ascribed to Fo-F ~ [4]. The activity was 
quite variable between batches of  cells, and was not 
light-activated as observed in higher plants [18]. The 
ATPase activity from lysozyme-treated cells of 
l ight/dark-grown Nostoc sp. Mac is shown in Fig. 
3a. Also shown is the response of the enzyme to 
methyl viologen. The overall activity of the ATPase 
appears to be less than that obtained from the culture 
grown in full illumination, but the ATPase is still 
fully active in the dark. No clear light-activation is
indicated and methyl viologen appears to have a 
non-specific inhibitory effect on the enzyme as previ- 
ously reported [4]. The results for the dark-grown 
cells are shown in Fig. 3b. The ATPase again appears 
to be fully active in the dark and light has little or no 
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Fig. 3. Effect of preincubation in the light and dark on ATPase 
activity observed in subsequently lysed cells of Nostoc grown in 
(a) 14 h light (30 IxE m 2 s - J ) /10 h darkness and (b) complete 
darkness. The incubation medium contained lysozyme-treated 
cells in the absence (O) and presence (O) of 0.1 mM methyl 
viologen. Illumination began at time 0 following 3-4 min prein- 
cubation in the dark at 22°C. Where error bars are shown, the 
data are from 6 determinations. 
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enhancing effect on this activity. The enzyme is not 
deactivated but the non-specific inhibition is not as 
severe as in the l ight/dark-grown cells. 
Fig. 2a shows an O 2 evolution curve for 
lysozyme-treated cells (light-grown) as an indication 
that the preparation is stable over the period of any 
enzyme assays carried out. 
The activity of FBPase, measured under conditions 
identical to those for ATPase, is shown in Fig. 4a and 
b for l ight/dark- and dark-grown lysozyme-treated 
Nostoc sp. Mac cells respectively. The most obvious 
feature is a much greater light-activation of FBPase 
in the dark-grown cells compared with either 
l ight/dark-grown cells (Fig. 4a) or light-grown cells 
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Fig. 4. Effect of preincubation in the light and dark on FBPase 
activity observed in subsequently lysed cells of Nostoc grown in 
(a) 14 h light (30 IxE m -2 s-l)/10 h darkness and (b) complete 
darkness. The incubation medium contained lysozyme-treated 
cells in the absence ([]) and presence (• )  of 0.1 mM methyl 
viologen. Illumination began at time 0 following 3-4 min prein- 
cubation in the dark at 22°C. Where error bars are shown, the 
data are from 6 determinations. 
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Fig. 5. Substrate saturation curves (Lineweaver-Burk plots) for 
glucose 6-phosphate d hydrogenase in Nostoc sp. Mac grown in 
constant illumination (30 ixE m -2 s-~). Cells were lysed and 
enzyme assayed at (0) pH 6.5; (©) pH 7.0; ( i )  pH 7.5; ([]) 
pH 8.0. 
(see Ref. [19]). Methyl viologen specifically blocks 
the light-activation of the FBPase in all cases. 
3.4. L ight /dark  control of  G6PDH 
We previously reported that little G6PDH activity 
could be observed following lysis of Nostoc sp. Mac 
grown in continuous illumination. In those experi- 
ments, activity was assayed at 1 mM glucose-6-phos- 
phate and pH 8.0 [19]. In view of a recent report that 
the pH optimum for G6PDH is much lower for a 
cyanobacterial enzyme, we reinvestigated G6PDH ac- 
tivity from Nostoc sp. Mac over a range of pH 
values and substrate concentrations. As shown in Fig. 
5, the data approximated to Michaelis-Menten kinet- 
ics allowing K m and Vma X to be estimated from 
double reciprocal plots. Within experimental error, 
there is little effect of pH on Vma × but the affinity for 
substrate greatly decreased as the pH of the enzyme 
assay increased, as reported [19]. Results were essen- 
tially similar for cells grown under a l ight/dark cycle 
or under darkness (results not shown). In all cases, 
there was little activity at pH 8 and 1 mM substrate, 
which accounts for our previous failure to observe 
G6PDH activity under these assay conditions. 
Once a saturating lucose-6-P concentration was 
established at each pH, the effect of pre-illumination 
on G6PDH activity in subsequently sed cells was 
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Table 2 
Effect on glucose-6-phosphate dehydrogenase activity of preilluminating cells prior to lysis, or of adding dithiothreitol after lysis 
147 
pH G6P(mM) G6PDH activity ixmoles NADPH/(mg chl.h) 
Growth Conditions Dark Light Dark + 5 mM dithiothreitol 
Dark 6.5 1 6.6 6.9 0.6 
8.0 l0 4.1 1.3 0 
Light/dark 6.5 1 20.9 16.5 0 
8.0 10 9.4 3.8 0 
light 6.5 1 l 1. I 7.7 0 
8.0 10 6.5 3.3 0 
investigated (Table 2). The effect of adding dithio- 
threitol following lysis is also shown in Table 2. In 
each of the growth conditions and irrespective of 
assay pH, illumination of the intact lysozyme-treated 
cells prior to lysis reduced the activity of G6PDH 
with respect to the dark level. The only exception 
was at pH 6.5 in the dark-grown culture. Incubation 
of cell lysate with dithiothreitol effectively reduced 
the activity of the enzyme to zero in each case, 
indicating that the enzyme is thiol-modulated under 
all growth conditions. 
4. Discussion 
4.1. Adaptation of phycobiliprotein composition to 
growth in light and darkness 
Comparison of dark-grown Nostoc sp. Mac with 
light-grown cells revealed changes in pigment com- 
position reminiscent of those seen during comple- 
mentary chromatic adaptation. Complementary chro- 
matic adaptation is the adjustment of pigment content 
made by some cyanobacteria when grown in light of 
a particular spectral quality. The process is perhaps 
best understood in Freymella diplosiphon. The phy- 
cobilisome consists of a core complex containing 
allophycocyanin attached to which are six rods [20]. 
Each rod is composed of either 3 or 4 cylinders, each 
cylinder consisting of paired hexamers of biliproteins. 
The inner two cylinders are phycocyanin and are 
expressed constitutively, as are the core proteins. 
Growth in red light induces expression of a second 
phycocyanin, which constitutes the outer cylinder of 
the rods, and suppresses expression of phycoerythrin. 
In orange/green light, the inducible phycoerythrin is
expressed and constitutes two outer cylinders, whereas 
the second phycocyanobiliprotein gene set is re- 
pressed. Switching from orange to red light therefore 
decreases phycoerythrin content greatly, but increases 
phycocyanin by about one-third. Levels of allophyco- 
canin and associated proteins remain fairly constant 
in all growth conditions. 
The changes in pigment content observed in this 
work are exactly those expected on the assumption 
that fluorescent light is equivalent to orange light and 
darkness to red light. Phycocyanin levels expressed in 
terms of fresh weight were not affected by growth 
conditions while phycoerythrin levels were much 
lower in dark grown organisms. However, when pig- 
ment concentrations are standardised to chlorophyll, 
then the phycocyanin concentration is seen to have 
increased by one-third. In Freymella phycoerythrin s 
synthesised in response to fluorescent light but is not 
degraded upon transfer to red light where synthesis is 
arrested. It is therefore probable that Nostoc sp. Mac 
would chromatically modulate phycoerythrin and 
phycocyanin, though further experiments are required 
to confirm this. 
4.2. Adaptation of metabolism to growth in the light 
or dark 
Complete understanding of the way this cyano- 
bacterium adapts to growth in light or dark would 
require accurate determination of amounts of each 
enzyme as well as the measurement of many addi- 
tional activities. Nevertheless, the enzymes studied 
here are key regulated steps in their respective 
metabolic pathways and allow some broad conclu- 
sions to be formed concerning the adaptation of 
Nostoc sp. Mac to growth in the light or dark. 
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In general, light/dark grown cells have lower 
photosynthetic a tivities than cells grown in continu- 
ous light. CO2-dependent O~ evolution was de- 
creased by 50% and this correlated with decreased 
pigment content and maximal ATPase and FBPase 
activities. Since CO~_ fixation was not saturated under 
the conditions of measurement, the lowered rate of 
photosynthesis may reflect partial limitation by both 
light harvesting and subsequent metabolism. Thus, 
the general effect of imposing a dark period is to 
down-regulate photosynthesis. Since growth rates 
were similar in light and light/dark grown cells, 
these changes do not impair growth efficiency. 
It is interesting that the machinery for photosyn- 
thetic CO 2 fixation is still present even when the 
cells have been growing, utilising glucose, in total 
darkness for 16 to 18 days. In its natural environ- 
ment, Nostoc sp. Mac forms a symbiotic association 
within the roots of another photosynthetic organism, 
the cycad Macrozamia [21,22]. Results obtained in 
the laboratory must be extrapolated to the environ- 
ment with caution. However, it is likely that 
metabolism of the cyanobacterium will normally be 
essentially chemoheterotrophic, but it clearly retains 
the option for photoautotrophic, or more likely photo- 
heterotrophic growth, presumably because of the as- 
sociated faster growth rate. 
The photosynthetic nduction period was clearly 
shorter in light/dark-grown cells (4 min), than in 
cells grown in either continuous light or total dark- 
ness (6 min). Cells adapted to changing illumination 
conditions during growth can therefore switch from 
dark to light metabolic modes quicker than cells 
grown under either constant illumination or darkness. 
Photosynthetic nduction is a complex process, the 
cause of which is not fully understood [23]. One 
contributing factor is the need to adjust enzyme 
activities via the thioredoxin-mediated regulatory 
process. Once light falls on PSI, thioredoxin becomes 
reduced and will in turn reduce FBPase, SBPase and 
RSPK to begin the conversion of sugars to RuBP, 
hence activating the reductive pentose phosphate 
pathway and instigating the fixation of CO,. The 
build up of substrates will take several minutes, also 
contributing to the induction period [24]. Growth 
under different light/dark regimes appeared to have 
no influence on the thioredoxin-dependent light/dark 
regulation of enzymes of Nostoc sp. Mac. The im- 
proved photosynthetic induction would appear there- 
fore to be due to other factors. 
The activity of the ATPase, which is down-regu- 
lated in the dark in chloroplasts by the ferredoxin- 
thioredoxin system [25], does not appear to be regu- 
lated by thioredoxin at all in the cyanobacteria. This 
concurs with our previous observations of cyanobac- 
teria grown in constant illumination [4,5], and with 
the molecular evidence that the thioredoxin target 
sequence is not present in the cyanobacterial F~ 
subunit [6]. It is unlikely that positive reports of 
thiol-regulation of ATPase [9-11] can be explained 
by changes in gene expression under different growth 
conditions. We are inclined to conclude that the 
cyanobacterial ATP synthase is never thiol-regulated, 
probably because activity is required in the dark for 
oxidative phosphorylation. 
FBPase was unusual in that its light-activatable 
activity was much higher in dark-grown cells. This 
enzyme occupies a central role in metabolism. In 
higher plants there are two FBPases. One is found in 
the chloroplast, is light-activated via thioredoxin, and 
functions during CO 2 fixation. The other is found in 
the cytosol, is not regulated by thioredoxin, and is 
involved in the conversion of triose phosphates to 
sucrose as a storage product. During chemo- 
heterotrophic growth, cyanobacteria obtain both en- 
ergy for growth and carbon skeletons from exoge- 
nous glucose. There is no evidence in cyanobacteria 
for the metabolism of glucose via glycolysis, and 
many cyanobacteria h ve been shown to be devoid of 
phosphofructokinase ctivity. The complete oxidation 
of glucose via the oxidative pentose phosphate would 
require FBPase activity in a short segment of re- 
versed glycolysis catalysing resynthesis of G6P from 
glyceraldehyde 3-phosphate. Our results show that 
the FBPase from dark-grown cells is still under 
thioredoxin control. This suggests that there is only 
one FBPase enzyme that functions in both the oxida- 
tive and reductive pentose phosphate pathways. Since 
this is oxidised (low activity) in the dark, more 
enzyme is synthesised in cells adapted to complete 
darkness. 
G6PDH activity was not affected by growth condi- 
tions. In agreement with Grossman and McGowan 
[19], we found the K,n for G6P markedly decreased 
in acid pH. The high K m at pH 8 accounts for our 
failure to detect his activity previously [4]. 
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incubation in the light has a less pronounced effect at 
pH 6.5 in light and l ight/dark grown cells and it was 
without any effect in cells grown in the dark, enzyme 
activity was still abolished in vitro in the presence of 
dithiothreitol. The fact that light-inactivation is only 
partial may be an experimental artifact, reflecting 
partial reoxidation of the enzyme during cell lysis. 
The pH dependency of G6PDH suggests that the 
enzyme may also be regulated by pH in the cell. 
Illumination and resultant proton pumping into the 
thylakoids would cause alkalisation of the cytoplasm, 
further inhibiting G6PDH by increasing its K,, for 
G-6-P. 
Growth of cyanobacteria n total darkness is rare. 
The results presented here show no great change in 
the pattern of metabolic regulation in Nostoc  sp. 
Mac. during growth in darkness except for the in- 
creased synthesis of FBPase. Further studies will 
require quantitative comparisons between growth 
modes and organisms and genetic analysis into the 
regulation of transcription of enzymes, including 
transport proteins, in response to differing light con- 
ditions. 
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